The sequence of pear blister canker viroid (PBCVd), the putative causal agent of pear blister canker (PBC) disease, has been determined. PBCVd consists of a single-stranded circular RNA of 315 nucleotide residues which assumes a branched conformation when it is folded in the model of lowest free energy. PBCVd has highest sequence similarity with grapevine 1B viroid (52-4 %), but also contains sequences related to regions present in viroids that belong to different subgroups, suggesting that PBCVd could have developed from RNA recombination between viroids replicating in a common host plant. PBCVd contains almost the entire central sequence which is conserved in the members of the apple scar skin subgroup (apscaviroids) as well as a conserved sequence located in the left-terminal region of apscaviroids and pospiviroids (whose type member is potato spindle tuber viroid). A consensus phylogenetic tree has been obtained in which PBCVd and other viroids previously classified as apscaviroids appear closely related, allowing consideration of PBCVd as a new member of this subgroup.
Introduction
Viroids are ssRNA pathogens endowed with special structural features: small size, high degree of selfcomplementarity and circular structure. These properties, particularly the latter, are the basis of a sensitive and selective electrophoretic approach for viroid detection (Schumacher et al., 1983) . Following a modification of this approach (Flores et al., 1985) , we have recently identified a new RNA from pear which, in addition to the aforementioned structural properties, also displays autonomous replication, thus fulfilling all the criteria for consideration as a viroid. Since this viroid RNA is closely associated with pear blister canker (PBC) disease, and is most probably the causal agent of this malady , we have tentatively called it pear blister canker viroid (PBCVd). Infectivity bioassays in pear indicators are in progress to confirm a cause-effect relationship between PBCVd and PBC disease.
The analysis of the complete sequence of PBCVd reported here has revealed that it contains almost the entire sequence characteristic of the central conserved region (CCR) of the apple scar skin viroid (ASSVd) (Hashimoto & Koganezawa, 1987) and a subgroup of related viroids (Koltunow & Rezaian, 1988 , 1989a for which the name of apscaviroids (Elena et al., 1991) has been proposed. However, PBCVd also shares sequence homology with viroids of other subgroups, suggesting an origin involving recombination events among several viroids co-infecting the same host plant.
Methods
Viroid origin and purification. PBCVd was purified as described previously from leaves of the pear clone P2098A grafted on pear seedlings, Pyrus communis L. 'Fieudi6re'. This clone is infected by a typical isolate of the PBC disease as deduced from the reaction incited in the pear indicator A 20 .
Partial RNA sequencing. Preparations of purified circular PBCVd were subjected to limited hydrolysis by RNase T1 and the RNA fragments obtained were 5' end-labelled with [~32p]ATP and polynucleotide kinase (Chaconas & van de Sande, 1980) , and then separated by electrophoresis in polyacrylamide gels containing urea (Haseloff & Symons, 1981) . Radioactively labelled fragments were eluted from the gels and sequenced by the use of base-specific RNases as described by Haseloff & Symons (1981) .
Synthesis, cloning and sequencing of PBCVd cDNA. First strand eDNA was synthesized on purified circular PBCVd using avian myeloblastosis virus reverse transcriptase and either the 35-mer oligonucleotide primer 1 (5' GCGGGACAGAAGACGAGGCT-CAGGCAGGAAGCAAC Y) derived from direct RNA sequencing, or the 34-mer oligonueleotide primer 2 (5' TATAAAAGAA-AAAAGCGCTTCGGCGGTGCTCGGG 3') derived from the sequence of the PBCVd eDNA obtained with primer 1. Reaction 
Results

Primary and proposed secondary structure of PBCVd
Sequencing of several 5' end-labelled RNA fragments obtained by partial digestion of PBCVd with RNase T1 provided the information necessary to synthesize primer 1 (Fig. 1 , positions 167 to 201) used for the production of a cDNA which was then cloned. From this experiment, five partial-and eight apparently full-length clones were selected and sequenced. With these sequence data, primer 2 (Fig. 1 , positions 217 to 250) was manufactured and used to produce a second PBCVd cDNA, from which two apparently full-length clones were obtained and sequenced. Fig. 1 shows the primary structure of PBCVd derived from the aforementioned overlapping clones. No sequence heterogeneity was found in these cDNA inserts. PBCVd is a circular RNA consisting of 99 G (31.4%), 92 C (29-2%), 54A (17-1%) and 70 U (22.2%) residues having, therefore, a G+C content (60.6 %) similar to that of other viroids with the exception of avocado sunblotch viroid (ASBVd) (Koltunow & Rezaian, 1989a showed that none of the nine additional ones found were of the rod-like type. In Fig. 1 we have drawn the secondary structure with the lowest free energy (-361.5 kJ/mol) because it is the one most similar to the rod-like conformation proposed for other apscaviroids (Hashimoto & Koganezawa, 1987; Koltunow & Rezaian, 1988 , 1989b Rezaian, 1990; Ashulin et al., 1991) . In the secondary structure proposed for PBCVd, 67.6% of the nucleotide residues are paired and the • proportions of GC, AU and GU base pairs are 64-4, 22.4 and 13.2%, respectively.
PBCVd contains almost the complete CCR of the apscaviroids
PBCVd contains, with a minor modification, the sequences of the CCR characteristic of the apscaviroids, the subgroup of typical viroids whose type member is ASSVd (Hashimoto & Koganezawa, 1987; Koltunow & Rezaian, 1988) (Fig. 1) . This modification refers to the absence of the U located at the 3' end of the CCR lower strand in the five other members of this subgroup: ASSVd (Hashimoto & Koganezawa, 1987) , grapevine yellow speckle viroid (GYSVd; Koltunow & Rezaian, 1988) , grapevine 1B viroid (G1BVd; Koltunow & Rezaian, 1989b) , Australian grapevine viroid (AGVd; Rezaian, 1990 ) and the recently characterized citrus bent leaf viroid (CBLVd; Ashulin et al., 1991).
The PBCVd sequence corresponding to the upper strand of the CCR and the 12 flanking residues on either side which represent a total of 40 nucleotide residues (Fig. 1) , have the potential to form a palindromic structure with either the same sequence from another PBCVd molecule or that from another region of a multimeric PBCVd molecule (Fig. 2a) . This sequence of 40 residues can also be folded into a stem-loop structure (Fig. 2 b) . Both classes of structure have been reported for other apscaviroids (Koltunow & Rezaian, 1988 , 1989b , as well as for viroid subgroups (Elena et al., 1991) whose type members are potato spindle tuber viroid (PSTVd) (pospiviroids), coconut cadang-cadang viroid (CCCVd) (cocadviroids), hop stunt viroid (HSVd) and Coleus blumei 1 viroid (CblVd) (Gross et al., 1982; Keese & Symons, 1985; Spieker et al., 1990) , and have been proposed to play a role in the processing of oligomeric viroid intermediates (Diener, 1986; Visvader et al., 1985) . In addition, the upper and lower strands of the CCR of PBCVd can potentially adopt a cruciform conformation (Fig. 2c) as seen in other apscaviroids (Koltunow et al., 1989) .
PBCVd has the terminal conserved region (TCR) CNNGNGGUUCCUGUGGU (Fig. l, positions 5 to 21) which is conserved in all members of pospi-and apscaviroids in a similar location (Hashimoto & Koganezawa, 1987; Koltunow & Rezaian, 1989a) . PBCVd also contains, as do all typical viroids, an adenine-rich sequence that in this case comprises 13 residues (with 10 As) between positions 42 and 54, and a uracil-rich sequence of 11 residues (with 10 Us) between positions 237 and 247 (Fig. 1) .
Comparison of PBCVd with other viroids
PBCVd has the highest overall sequence similarity with GIBVd and CBLVd (52-4 and 50.6~, respectively). The similarity between PBCVd and these two viroids includes, in addition to the 33 identical residues of the upper and lower CCR present in all members of the ASSVd subgroup and the 12 residues of the TCR, several other sequences distributed in a collinear way in these viroids.
PBCVd also contains regions which are related to sequences present in other viroids. In Fig. 3 , selected blocks of sequences along the PBCVd molecule are presented which display notable similarities with regions of some representative members of different viroid subgroups. These sequence relationships indicate that PBCVd has a chimeric structure composed of sequence motifs from viroids which belong to different viroid subgroups. The left part of PBCVd resembles pospiviroids, whereas the right part, including the CCR, has regions resembling those of apscaviroids; short stretches of residues located between positions 166 and 257 show considerable similarity with ASBVd, coconut tinangaja viroid (CTiVd) and peach latent viroid (PLMVd) (Fig. 3) .
Phylogenetic analysis indicates that PBCVd can be considered as a member of the apscaviroid group as deduced from the consensus tree obtained (Fig. 4) . In this tree PBCVd forms a monophyletic group with other members of the apscaviroids.
Discussion
The complete nucleotide sequence of PBCVd shows that it is a circular molecule having structural elements in common with other typical viroids; it contains the CCR of apscaviroids but lacks the Y-terminal U of the lower strand present in the other members of this subgroup. Thus, the conserved sequences of the CCR of apscaviroids are reduced to 33 nucleotide residues, 16 corresponding to the upper strand and 17 to the lower one. PBCVd also contains the TCR present in pospi-and apscaviroids and an adenine-rich region in the usual position on the left side of the upper strand. However, this latter region does not base pair with the uracil-rich sequence present in the opposite strand in the proposed secondary structure of PBCVd (Fig. 2 , residues 237 to 247), in contrast with what has been proposed for other typical viroids. A curious feature of PBCVd is the absence of sequence variants in the clones analysed. This is frequent when a viroid undergoes passage through an experimental host which can have a filtering effect, removing some sequence variants; in our case, the PBCVd RNA used for the construction of the clones came directly from pear. The sequence homogeneity observed in PBCVd may be indicative of strong structural and/or functional constraints. The elucidation of additional sequences from other PBCVd isolates inducing a similar reaction in the pear indicator A 20 will help to clarify this question.
Different parts of PBCVd also show notable homology with viroids from other subgroups, suggesting for PBCVd an origin by RNA recombination, a possibility which has been postulated for other viroids (Keese & Symons, 1985; Koltunow & Rezaian, 1989 b; Hammond et al., 1989; Rezaian, 1990; Ashulin et al., 1991 ; Puchta et al., 1991) . In most cases recombination seems to involve exchange of segments between viroids which belong either to the same subgroup or to another closely related one. However, recombination between viroids of different subgroups is particularly notable for members of apscaviroids (Koltunow & Rezaian, 1989b; Rezaian, 1990; Ashulin, 1991) . A host concurrently supporting the replication of different viroids would allow the possibility for RNA exchange. In this respect, the occurrence in pears of HSVd (HSVd-pear) (Shikata, 1990) and two viroids similar in size and sequence to ASSVd (Feng & Tien, 1990; Hadidi & Yang, 1990 ) has been reported. However, PBCVd seems to have emerged by recombination between these and other viroids, suggesting that additional hosts different from pears served as intermediate reservoirs for distinct viroids and allowed recombination events between them.
Previous results from molecular hybridization experiments suggested some sequence similarities between PBCVd and other viroids , although as indicated then, these data should be interpreted with caution since they were obtained with random-primed probes. Sequencing of PBCVd has confirmed its partial homology with other viroids and the consensus phylogenetic tree obtained (Fig. 4) supports the inclusion of PBCVd in the apscaviroid subgroup.
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